Targeting STAT5 is an appealing therapeutic strategy for the treatment of hematologic malignancies and inflammation. Here, we present the novel osmium(II) complex 1 as the first metal-based inhibitor of STAT5B dimerization. Complex 1 exhibited superior inhibitory activity against STAT5B DNA binding compared to STAT5A DNA binding. Moreover, 1 repressed STAT5B transcription and blocked STAT5B dimerization via binding to the STAT5B protein, thereby inhibiting STAT5B translocation to the nucleus. Furthermore, 1 was able to selectively inhibit STAT5B phosphorylation without affecting the expression level of STAT5B.
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Aberrant activation of tyrosine kinase activity has been implicated in the progression of a wide range of disorders, including cancer, inflammation, diabetes, and angiogenesis. These dysregulated kinases trigger the abnormal propagation of signal transduction to stimulate the activation of genes involved in critical biological processes via recruitment of transcription factors 1, 2 . Among the family of transcription factors activated by tyrosine kinases, the signal transducer and activator of transcription (STAT) family has emerged as one of most important players in human cancer and inflammation 3, 4 . These transcription factors are activated by phosphorylation on a specific tyrosine residue, and dimerize through reciprocal Src homology 2 (SH2) domain-phosphorylated tyrosine interactions 5 . After migrating to the nucleus, STATs regulate genes involved in survival, proliferation, and differentiation, through the interaction with specific response elements in DNA 6 . The STAT5 proteins, containing the closely related members STAT5A and STAT5B that share 96% homology at the amino acid level, is frequently constitutively active in solid cancers, leukemias, and inflammation [7] [8] [9] . STAT5 can become tyrosine-phosphorylated at the C-terminus (Y694 for STAT5A and Y699 for STAT5B) by kinases, such as Janus kinases (JAKs), associated with transmembrane receptors, including prolactin (PRL), IL-2, GM-CSF, and growth hormone (GH) receptors 10, 11 . PRL can modulate immune and inflammatory responses via the activation of STAT5B in T cells in the PRL-R/JAK/STAT5B/IRF-1 signaling pathway 12 , and PRL is locally expressed as a cytokine in some cancers, such as breast cancer or prostate cancer 13, 14 , suggesting that PRL-activated STAT5B activation is a pathogenic event in tumorigenesis and inflammation 15, 16 . Due to the role of aberrant STAT5 signaling in various human disease processes, a number of small-molecule STAT5 inhibitors towards blocking the abnormality of STAT5 through a number of direct and indirect approaches have been developed in recent years. Berg and co-workers reported nonpeptidic chromone-based compounds (STAT5i) that directly targeted the SH2 domain of STAT5 and selectively disrupted the STAT5 SH2 domain-phosphorylated tyrosine interaction over that of STAT1/3, leading an inhibition of STAT5/DNA binding in K562 nuclear extracts 17 . Recently, a potent molecule derived from the natural product-dihydrocapsaicin inhibited the SH2 domain of STAT5B, with 35-fold selectivity over STAT5A 18 . However, to date, no direct STAT5B inhibitors have entered into clinical trials. Alternatively, indirect inhibitors of STAT5 that target upstream signaling proteins such as Bcr-Abl, Jak2 and FLT-3 inhibitors have also been reported 19 . The rapid development of metal complexes in medicine has attracted worldwide attention. Many of the metal complexes have been utilized for diagnostic and treatment purposes [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . Metal complexes are endowed with unique characteristics, including facile synthesis, tunable properties, specific reactivity towards biomolecular targets, and redox activity 33, 34 . Osmium complexes, with highly toxic activity, are less common in the medical application. However, several osmium complexes, structurally close analogues of the antimetastatic complex NAMI-A 35 , have been reported to exert reasonable antiproliferative activity in vitro 36 . In 2008, Meggers and co-workers revealed the promising protein kinases GSK-3β and Pim-1 inhibition and anticancer effects towards melanoma cells of the osmium half-sandwich complex 37 . This work highlighted the concept of designing unreactive bioactive metal complexes. Additionally, organometallic osmium(II) complexes, such as FY26, [Os(η 6 -p-cym)(p-NMe 2 -Azpy)I]PF 6 , increased the levels of reactive oxygen species (ROS) produced in cancer cells, allowing FY26 to exert selective toxicity toward cancer cells over normal cells 38 . A novel osmium-based organometallic compound, [Os 3 (CO)10(μ -H)(μ -S)C 9 H 6 N], has found to target the mitochondria and triggers ROS-dependent apoptosis in virto and in vivo, as well as inhibit tumor growth in colon carcinoma 39 . In the context of STAT inhibition, certain metal-based complexes have shown anticancer activity by means of STAT inhibition 40, 41 . For example, Priebe et al. described a family of gold-containing metal complexes which abolished STAT3 phosphorylation 42 , while our group have discovered a rhodium-based metal complex that directly and effectively targets the STAT3 SH2 domain 43 . However, to our knowledge, no metal-based inhibitors have been reported to inhibit STAT5 function.
Protein-protein interfaces are generally regarded to be relatively amorphous, lacking the specific contacts that are often found in enzyme or receptor binding sites. Consequently, we envisaged that an osmium(II) complex, carrying relatively hydrophobic ligands in a well-defined octahedral geometry, might possess a suitable shape to interact at the protein-protein interaction region of STAT5B. We describe herein the identification and characterization of a novel osmium(II) metal-containing complex, which potently binds to STAT5B and inhibits the STAT5B signaling pathway. These findings provide a new framework for STAT5B inhibition by metal complexes as a potential strategy for anti-cancer or anti-inflammatory therapy.
Results and Discussion
Chemical syntheses. In order to discover novel metal-containing complex targeting STAT5B activity, osmium(II) complex 1 ( Fig. 1 ) with a general structure [Os(bpy) 2 (N^N)](PF 6 ) 2 (where bpy = 2,2′ -bipyridine) was designed and synthesized. Complex 1 bear dipyrido[3,2-a:2′ ,3′ -c]phenazine (dppz) N^N ligands substituted with one chloro groups. The osmium complex was prepared in two steps using a similar method to that reported in the literature 44 . Os(bpy) 2 Cl 2 was obtained by the reaction of (NH 4 ) 2 [OsCl 6 ] with bpy. Os(bpy) 2 Cl 2 was then reacted with the different N^N ligands, followed by the addition of NH 4 PF 6 to precipitate the crude product. Purification by column chromatography on basic alumina using acetonitrile as the eluent afforded the desired products. The complex was characterized by 1 H-NMR, 13 C-NMR, high resolution mass spectrometry (HRMS) and elemental analysis. The complex was stable at a concentration of 10 μ M in 80% acetonitrile/20% 20 mM Tris-HCl buffer (containing 20 mM NaCl, pH 7.5) at 298 K over 7 days (Fig. 2) . Identification of 1 as a potent STAT5B inhibitor. To study the potential effect of the Os(II) complex on STAT5B activity, we performed a STAT5-DNA binding assay. Nuclear extract containing active STAT5B protein was pre-treated with 1 at 10 μ M for 15 min. The mixture was then incubated with a double-stranded oligonucleotide containing the STAT5B consensus site, and the binding of STAT5B to the DNA was then detected by an ELISA. As shown in Fig. 3A , 1 reduced STAT5B DNA binding by 50% at 10 μ M. We also evaluated the effect of 1 on STAT5A DNA binding activity. Interestingly, 1 inhibited STAT5A-DNA binding activity by less than 20% under comparable conditions (Fig. 3B ). This result suggests that 1 selectively blocks the interaction between STAT5B and DNA over that of STAT5A and DNA.
antagonizes STAT5B-driven transcriptional activity in living cells. Encouraged by the ability of
1 to block STAT5B DNA-binding, we next investigated whether 1 could antagonize STAT5B-driven transcriptional activity in living cells. Using a dual firefly/Renilla luciferase system, we studied the levels of STAT5B-driven transcriptional activity after exposure of transfected Caco-2 cells to 1. Caco-2 cells were incubated with 1 or the positive control compound, a nicotinoyl hydrazone STAT5B inhibitor (STAT5i) 17 for 6 h and stimulated with PRL for a further 1 h. The results revealed that 1 attenuated STAT5B-directed transcription in a dose-dependent fashion, with an IC 50 value of ca. 15 μ M (Fig. 4A) . Notably, the potency of 1 at inhibiting STAT5B-driven transcription at 30 μ M was superior to that of STAT5i under the same conditions. These results indicate that 1 could inhibit STAT5B-directed transcription in living cells, and is consistent with its effects on the STAT5B-DNA interaction as described above. Additionally, the translocation of STAT5B in Caco-2 cells was impaired by treatment with 1. When cells were exposed to increasing concentrations of 1, STAT5B content in the nuclear extract was reduced in a dose-dependent manner, while STAT5B content in the cytoplasmic extract was enhanced (Fig. 4B,C) . Taken together, these findings suggest that 1 is able to block the translocation of the active form of STAT5B from the cytoplasm to the nucleus, thus preventing it from binding to its corresponding response element in DNA and resulting in the repression of STAT5B-driven transcriptional activity.
1 disrupts the STAT5B dimerization and stabilizes STAT5B in cellulo. We next evaluated whether 1 could directly inhibit STAT5B dimerization in cellulo by using a pull-down assay. Caco-2 cells overexpressing STAT5B-Flag and STAT5B-GFP were pre-treated with the indicated concentrations of 1 and positive control compound for 6 h. After 1 h simulation by PRL, proteins lysates were purified by anti-Flag magnetic beads and subsequently analyzed by immunoblotting with anti-Flag and anti-GFP antibodies. The results showed that STAT5B-GFP and STAT5B-Flag proteins were pulled down together in the absence of 1 (Fig. 5A,B) . However, the level of STAT5B-GFP in the anti-Flag immunoprecipitates decreased as the concentration of 1 was increased. This result indicates that 1 disrupted STAT5B dimerization in a dose-dependent manner in cellulo. We hypothesized that the inhibition of intracellular STAT5B dimerization by 1 may be attributed to the direct binding of 1 to STAT5B. Therefore, we also performed a cellular thermal shift assay (CETSA) 45 to investigate STAT5B engagement by 1 in cell lysates. Cell lysates were incubated with 1 for 30 min, then aliquots were heated at temperatures ranging from 37.4-58.2 °C followed by centrifugation, and STAT5B levels in the soluble fraction were quantified by immunoblotting. An obvious shift of the melting temperature of STAT5B protein was detected (Fig. 5C,D) , indicating the thermal stabilization of STAT5B proteins in cell lysate by 1.
selectively inhibits STAT5B phosphorylation without affecting total STAT5B expression.
Next, we investigated the effect of 1 on STAT5B tyrosine phosphorylation in cells. Caco-2 cells were treated with the indicated concentrations of 1 for 6 h and were further stimulated with PRL for 1 h. As expected, PRL increased STAT5B phosphorylation in Caco-2 cells. However, a dose-dependent decline in the phosphorylation level of STAT5B was observed when the cells were pre-treated with 1 or the reported STAT5 inhibitor (Fig. 6A,B) . Additionally, 1 had no significant effect on total STAT5B expression. We also compared the selectivity of 1 for STAT5B over other STAT family proteins, such as STAT1 and STAT3. 1 only showed a slight inhibitory ability against STAT1/3 phosphorylation, and no obvious impact of 1 on STAT1/3 total content expression could be observed (Fig. 6C,D) . To further investigate the whether the biological activity of 1 required the assembly of ligands into a three-dimensional complex, we analyzed the effect of the isolated ligands of 1 on STAT5B phosphorylation (Fig. 7) . STAT5B phosphorylation was only slightly reduced by the isolated ligands, while no significant inhibitory effect on total STAT5B content could be detected. These findings indicate that the biological potency of 1 requires the arrangement of ligands into a three-dimensional structure that can interact effectively with the STAT5B protein. Finally, the complex was moderately toxic towards Caco-2 cells, with an IC 50 value of 19.5 ± 1.4 μ M, but was less toxic against LO2 cells (IC 50 value ~100 μ M) (Fig. 8) . This suggests that complex 1 could be a potential STAT5B inhibitor for anticancer therapy.
Conclusion
In this study, we have presented the novel osmium(II) complex 1 as the first metal-based inhibitor of STAT5B dimerization. Compared to STAT5i, the osmium(II) complex 1 showed similar in vitro STAT5B DNA-binding inhibition, but superior potency against STAT5B phosphorylation, STAT5 dimerization and transcription inhibition in cellulo. A cellular thermal shift assay revealed that 1 engaged STAT5B in cellular lysates, suggesting that 1 inhibits STAT5B dimerization through direct binding to the STAT5B protein. Furthermore, 1 was able to inhibit the phosphorylation of STAT5B without affecting STAT5B expression, block the nuclear translocation of STAT5B, and attenuate STAT5B-driven transcription activity. We envisage that the osmium(II) complex 1 may be utilized as a useful scaffold for the development of more efficacious STAT5B inhibitors.
Materials and Methods
General experiment. Mass 13 C couplings. The following abbreviations are used for convenience in reporting the multiplicity of NMR resonances: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br, broad. All NMR data was acquired and processed using standard Bruker software (Topspin). 2 Cl 2 . A DMF solution of (NH 4 ) 2 [OsCl 6 ] (1 mmol, 1 eq) and 2,2′ -bipyridine (2.1 mmol, 2.1 eq) was refluxed under an N 2 atmosphere for 5 h. After cooling to room temperature, the solution was added to an aqueous solution containing Na 2 S 2 O 4 (6.8 g) and then kept in a refrigerator overnight. The dark precipitate was collected by vacuum filtration, washed with water and diethyl ether, and directly used in the following reactions without further purification. 6 ) 2 . Os(bpy) 2 Cl 2 (0.10 mmol, 1 eq) and the corresponding N^N (0.21 mmol, 0.21 eq) ligand were suspended in ethanol− H 2 O (14 mL, 5:2 v/v) in flask equipped with a magnetic stir bar. The mixture was heated to reflux and stirred for 5 h under a N 2 atmosphere. Following the reaction, the mixture was cooled to room temperature, excess amount of NH 4 PF 6 was added to precipitate the product as the hexafluorophosphate salt. The precipitate was washed with water and diethyl ether to give the crude product, which was purified by column chromatography on basic alumina using acetonitrile as the eluent. Pull-down assay. Caco-2 cells were co-transfected with pCMV6-AC-GFP-STAT5B and pCMV6-AC-STAT5B-flag vectors for 12 h using TurboFect Transfection Reagent. Cells were then grown in complete medium for a further 18 h. The cells were pre-treated with 1 (10 μ M) or vehicle control. 6 h after pre-treatment, prolactin (200 ng/ mL) was added into the well and the cells were incubated for further 30 min. The cell lysates were collected and protein concentration was determined using bicinchoninic acid (BCA) protein assay kit (Pierce, Rockford, IL, USA). 30 μ g of each protein sample were pulled down with anti-Flag magnetic beads according to the instruction provided by manufacturer. The beads were equilibrated by TBS (50 mM Tris HCl, 150 mM NaCl, pH 7.4) buffer twice. Protein sample were then added to the magnetic beads and incubated for 1 h at room temperature. After 1 h, the beads were collected and the supernatant was removed. In order to remove non-specifically bound proteins, the protein-binding beads were then washed with TBS buffer twice. The protein-binding beads were then collected and Flag protein were eluted with SDS-PAGE sample buffer. Protein samples were separated by the sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and analyzed by immunoblotting by probing with anti-FLAG (1:1,000 dilution) or anti-GFP antibodies (1:1,000 dilution).
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Preparation of [Os(bpy) 2 (N^N)](PF
Immunoblotting. Caco-2 cells were pre-treated with different concentrations of 1 in low FBS medium for 6 h and subsequently induced by prolactin (200 ng/mL) for another 30 min. 30 μ g of each protein sample were subjected to SDS-PAGE and electro-transferred to a Immun-Blot ® PVDF membrane (Bio-Rad, CA, USA).
Blocking with 5% non-fat milk in TBST buffer (TBST containing TBS buffer and 0.1% Tween 20) for 1 h at room temperature, the membranes were incubated with corresponding primary antibodies (anti-phospho-STAT5, anti-STAT5, anti-GAPDH, anti-phospho-STAT1, anti-STAT1, anti-phospho-STAT3 and anti-STAT3, Cell Signaling Technology, 1:1,000 dilution), washed with TBST buffer for 30 min and subsequently incubated with secondary antibodies. The signals were visualized by Image Lab. For the translocation assay, the cytoplasmic extracts and nuclear extracts were prepared by the NE-PER nuclear and cytoplasmic extraction kit following the instruction from the manufacturers. The drug-treated cells were harvested and lysed in ice-cold CER I for 10 min. The lysates were treated with CER II for 1 min and the cytoplasmic extracts in the supernatant were collected after centrifugation. The nuclear extracts were will be collected in the supernatant after the cell pellet was incubated with ice-cold NER for 40 min and subsequently centrifuged. The cytoplasmic extracts and nuclear extracts were then subjected to SDS-PAGE and analyzed by probing with STAT5B antibody and visualizing by Image Lab. Cellular thermal shift assay (CETSA). Cellular thermal shift assay was performed to monitor the target engagement of 1 in Caco-2 cells. Briefly, a total 2 × 10 6 cell numbers of Caco-2 cell lysates were collected, diluted in PBS and separated in same aliquots. Each aliquot was treated with 1 (10 μ M) or DMSO. 30 min after incubation at room temperature, the complex-treated lysates were divided into 50 μ L in each of PCR tubes and heated individually at different temperatures (Veriti thermal cycler, Applied Biosystems/Life Technologies). The heated lysates were centrifuged and the supernatants were analyzed SDS-PAGE followed by immunoblotting analysis by probing with anti-STAT5B antibody (Active Motif, 1:1,000 dilution).
Luciferase reporter assay. Caco-2 cells were co-transfected with a ratio of 10:1 pGL-STAT5 and pRL-TK as a transfection efficiency control in serum-free DMEM medium using TurboFect Transfection Reagent. The transfected cells were then seeded in a 24-well plate and treated with the different concentrations of 1 in low FBS medium for 6 h and simulated with prolactin (200 ng/mL) for next 30 min. Cell lysates were then collected by 100 μ L Passive Lysis Buffer (PLB). 50 μ L of the cell lysates were transferred to a 96-well white plate and mixed with 50 μ L of luciferase reporter reagent (LAR). Firefly luciferase activity of each well was measured in a luminometer over 10-second measurement periods using Molecular Devices SpectraMax ® M5 Microplate Reader. After firefly luciferase activity measurement, same volume of Stop & Glo ® Reagent was added to the well to quantitate Renilla luciferase activity at the same reading condition.
Cell viability assay. Caco-2 cells and LO2 cells were seeded at 10,000 cells per well in 96-well plates and incubated overnight at 37 °C. Serial dilutions of complex 1 were added to each well and the plates were incubated at 37 °C in a humidified CO 2 incubator for further 72 h. 100 μ L of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-tetrazolium bromide) reagent (1 mg/mL) was added to each well. After 4 h incubation, the medium was replaced with 100 μ L of DMSO and the plates were incubated at 25 °C for 10 min with shaking. Color intensity was measured at 570 nm using a microplate reader. The IC 50 values of complex 1 were determined by the dose-dependence of the surviving cells after exposure 72 h.
Statistics analysis.
One-way analysis of variance (ANOVA) followed by the Dunnett's method for multiple comparisons by using GraphPad Prism 6.0 was used to analyse the data. Statistically significant result was defined as P < 0.05.
